Kinetochores are one of the largest and most functionally intricate molecular machines of eukaryotic cells 12
, but a comprehensive understanding of CCAN organization and of how it contributes to the selective recognition of CENP-A has been missing. Here we use biochemical reconstitution to unveil fundamental principles of kinetochore organization and function. We show that cooperative interactions of a seven-subunit CCAN subcomplex, the CHIKMLN complex, determine binding selectivity for CENP-A over H3-nucleosomes. The CENP-A:CHIKMLN complex binds directly to the KMN network, resulting in a 21-subunit complex that forms a minimal high-affinity linkage between CENP-A nucleosomes and microtubules in vitro. This structural module is related to fungal point kinetochores, which bind a single microtubule. Its convolution with multiple CENP-A proteins may give rise to the regional kinetochores of higher eukaryotes, which bind multiple microtubules. Biochemical reconstitution paves the way for mechanistic and quantitative analyses of kinetochores.
Kinetochores are one of the largest and most functionally intricate molecular machines of eukaryotic cells 12 . As many as 100 or more proteins reside at human mitotic kinetochores, a fraction of them are core structural components, while others play accessory regulatory roles. Kinetochores perform two related and essential functions. First, they bind to spindle microtubules to promote the bi-orientation of the sister chromatids in mitosis and meiosis II, and of their homologues in meiosis I. Second, they control the spindle assembly checkpoint, a cell cycle checkpoint that prevents chromosome segregation before completion of bi-orientation, thus ensuring genome stability during cell division 1, 13 . The centromere is the genetic locus, unique to each chromosome, upon which the kinetochore is established 2,14 (Fig. 1a) . In most eukaryotes, maintenance of centromere identity does not require specific DNA sequences, but relies on epigenetic mechanisms. Crucial for this process is the deposition of new CENP-A at mitotic exit, which repopulates the CENP-A pool after its equal partition to the sister chromatids during DNA replication. Part of the machinery involved in this reaction has been identified and a molecular understanding of this process is emerging 2, 14 . Among other requirements, the recognition of CENP-A by other kinetochore proteins appears to play a fundamental role in the epigenetic specification of centromeres 2, 14 . Previous studies established that CENP-C and CENP-N recognize the divergent C-terminal tail and the CENP-A-targeting domain (CATD) of CENP-A, respectively 10,11 (Extended Data Fig. 1 ). Whether CENP-C and CENP-N act in a complex on single or distinct CENP-A nucleosomes, and whether other CCAN subunits contribute to their interactions with CENP-A, is not known. To shed light on this problem and on additional functional and structural aspects of kinetochore function, we embarked on a biochemical reconstitution of human kinetochores in vitro with purified components ( (Fig. 1e , orange trace). We refer to this seven-subunit complex as the 'CHIKMLN' complex (note that 'C' implies CENP-C 1-544 , not full-length CENP-C). Molecular mass estimates obtained by sedimentation velocity analytical ultracentrifugation (AUC) indicated that there is a single copy of each subunit in the HIKM and CHIKMLN complexes (Table 1 and Extended Data Fig. 4a, b) .
Both CENP-C 1-544 and CENP-LN bind CENP-A. We therefore asked whether their presence in the same complex increases the binding affinity for CENP-A compared with individual binders. We incubated CENP-A NCP with growing concentrations of CENP-C Letter reSeArCH 2 5 0 | N A t U r e | V O L 5 3 7 | 8 s e p t e m b e r 2 0 1 6 an affinity sufficient for co-elution in SEC experiments (not shown), binding with apparently similar affinity to free DNA and to H3 NCP (Extended Data Fig. 3b) . Notably, when bound in a single complex, the CCAN subunits showed the highest affinity for CENP-A NCP , indicative of cooperative binding (Fig. 2a) . CHIKMLN co-eluted with CENP-A NCP in a single high-molecular-mass complex from an SEC column, while a much more modest shift was observed with H3 NCP , demonstrating that the interaction is selective for CENP-A NCP (Fig. 2b ). Additional binding experiments, shown in Extended Data Fig. 3c -e, confirmed the selectivity of the interaction of the CHIKMLN complex with CENP-A NCP . Using AUC, we showed that a single CENP-A NCP binds two CENP-LN or CHIKMLN complexes (Table 1 and , which may be largely intrinsically disordered, contacts all other subunits, with the exclusion of histone H2A, thus emerging as the backbone of CHIKMLN (Fig. 2c and Supplementary Table 1) . In line with the EMSA assays in Fig. 2a , we found several crosslinks between the CENP-HIKM complex and CENP-A NCP . We asked if the network of interactions linking the CHIKMLN subunits and the CENP-A nucleosome correlated with localization co-dependencies in HeLa cells. Individual depletions of CENP-C, CENP-H, CENP-L, or CENP-M by RNA interference (RNAi) led to a near-complete disappearance of the other CHIKMLN subunits from kinetochores during interphase ( Fig. 2d and Extended Data Fig. 5a-c ). Significant levels of CENP-A were present on kinetochores at the time of fixation for indirect immunofluorescence, suggesting that the loss of CHIKMLN subunits is not caused by complete co-depletion of CENP-A, but rather by the co-dependency of CHIKMLN subunits for stable kinetochore recruitment. Collectively, our observations indicate CCAN   CHIKMLN   75  50  37  25  20  15  10   75  50  37  25  20  15  10   75  50  37  25  20  15  10   75  50  37  25  20  15  10   75  50  37  25  20  15  10   75  50  37  25  20  15 CENP-T and CENP-W, two additional CCAN subunits (Fig. 1a) , contain histone-fold domains and form a tight dimer that further associates with a dimer of two additional histone-fold-domain proteins, the CENP-SX complex 5 . The CENP-TWSX complex has been proposed to form a CENP-C-independent (but CENP-A-dependent) axis of kinetochore assembly 22 , but other reports have suggested that kinetochore localization of the CENP-TWSX complex depends on ‡The chimaera includes an N-terminal histidine tag, followed by the N-terminal region of H3.1, followed by the C-terminal region of CENP-A: 6His-H3.1(Ala2-Ile75)/CENP-A(Cys75-Gly140). . In agreement with the latter, recruitment of CENP-TWSX complex to CENP-A NCP requires both CENP-C 1-544 and the CENP-HIKM complex (Extended Data Fig. 6 ).
The KMN network is made of three subcomplexes, the KNL1 complex (KNL1-C), the MIS12 complex (MIS12-C), and the NDC80 complex (NDC80-C). It forms the outer kinetochore and binds microtubules 7, 8 (Fig. 1a) . After characterizing CHIKMLN as the CENP-A NCP -associated complex, we asked if it was also competent to recruit the outer kinetochore components. The CENP-A NCP :CHIKMLN complex readily bound to a reconstituted 10-subunit KMN network complex and all components co-eluted from a SEC column, forming a 17-subunit kinetochore complex bound to an octameric CENP-A Table 2 ). The MIS12 complex formed crosslinks to several outer-kinetochore subunits, as well as to inner-kinetochore subunits, including CENP-C 1-544 , CENP-K, and CENP-N.
We asked if reconstituted kinetochore particles could translocate centromeric chromatin onto microtubules. After immobilizing microtubules on a coverslip, we tested the ability of fluorescently labelled kinetochore components to interact with them ( Fig. 3b and Extended Data Fig. 8a, b) . The KMN network bound microtubules in the absence of other components, fitting with its well-established role as a microtubule receptor at the kinetochore 7, 8, 23 . Neither CHIKMLN nor CENP-A NCP , either together or in isolation, decorated microtubules in the absence of the KMN network (Fig. 3b) . Conversely, when the KMN network was added alongside the CHIKMLN complex and CENP-A NCP , they strongly decorated microtubules (Fig. 3b) , demonstrating that the KMN network and the CHIKMLN complex create a direct bridge between centromeres and microtubules. Only Table 1 and Extended Data Fig. 4) , which probably allows for the binding of two KMN assemblies to the same particle. Because CENP-TW recruits additional NDC80-C to kinetochores 22, 24, 25 , it may contribute to further enhancements of the microtubule-binding capacity. The point kinetochore of Saccharomyces cerevisiae consists of a single CENP-A (also known as Cse4) nucleosome associated with proteins that are evolutionarily related to the CCAN subunits of humans 12 (Fig. 4b) . Our finding that the human CCAN subunits and the KMN network form a single, apparently stoichiometric complex on a CENP-A NCP suggests that the human and S. cerevisiae kinetochores form a unit of similar architecture. At regional centromeres, which may extend over several megabases of genomic DNA, up to 200 CENP-A nucleosomes intersperse with conventional H3 nucleosomes at an approximate ratio of 1 CENP-A nucleosome over 25 H3 nucleosomes 26 . We therefore propose that kinetochores built on regional centromeres represent the 1.25 convolution with multiple CENP-A nucleosomes of the structural unit identified by our in vitro reconstitution (Fig. 4b) .
Here we have reported the production of entirely synthetic kinetochores that specifically bind centromeric chromatin while mediating a simultaneous connection to microtubules. We note in this context that the reconstitution of functional kinetochore particles on an octameric CENP-A NCP may set a benchmark to resolve an ongoing discussion on the actual structure of the CENP-A nucleosome Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. reviewer Information Nature thanks A. Desai and the other anonymous reviewer(s) for their contribution to the peer review of this work.
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MeThOdS
No statistical methods were used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. Production of recombinant proteins. CENP-LN was produced as a GST fusion construct from insect cells using the MultiBac expression system 31 . Specifically, a coding sequence expressing 3C cleavable GST-tagged CENP-L was sub-cloned into MCS2, and the coding sequence of CENP-N was sub-cloned into MCS1 of pFL. Bacmid was then produced from EMBacY cells 31 , and subsequently used to transfect Sf9 cells and produce baculovirus. Baculovirus was amplified through three rounds of amplification and used to infect Tnao38 cells 32 . Cells infected with the GST-CENP-L/CENP-N virus were cultured for 72 h before harvesting. Cells were washed and resuspended in lysis buffer (50 mM Na-HEPES, 300 mM NaCl, 10% glycerol, 4 mM 2-mercaptoethanol, 1 mM MgCl 2 pH 7.5). Resuspended cells were lysed by sonication in the presence of Benzonase before clearance at 100,000g at 4 °C for 1 h. Cleared lysate was passed over GSH-Sepharose, before extensive washing with lysis buffer. GST-CENP-L/CENP-N complex was then eluted in lysis buffer + 20 mM reduced glutathione. Eluted protein was concentrated in a 30 kDa Amicon-Ultra-15 Centrifugal Filter (Millipore) in the presence of GST-tagged 3C protease. Concentrated protein was then loaded onto a Superdex 200 16/600 column equilibrated in 20 mM Na-HEPES pH 7.5, 300 mM NaCl, 2.5% glycerol. His was eluted with lysis buffer supplemented with 200 mM Imidazole, CENP-C 189-544 was eluted in lysis buffer supplemented with 30 mM reduced glutathione, and CENP-C 545-943 was cleaved off the beads in 16 h at 4 °C by addition of TEV protease. After elution, proteins were diluted in buffer A (20 mM HEPES pH 7.5, 5% glycerol, 1 mM TCEP, to achieve a final concentration of 300 mM NaCl), loaded onto a pre-equilibrated HiTrap Heparin HP column, and eluted with a linear gradient of buffer B (20 mM HEPES pH 7.5, 2 M NaCl, 5% glycerol, 1 mM TCEP) in a gradient from 300 to 1200 mM NaCl. Fractions containing CENP-C 1-544 His and CENP-C 545-943 were loaded onto a Superdex 200 16/60 SEC column pre-equilibrated in SEC buffer (10 mM HEPES pH 7.5, 300 mM NaCl, 2.5% glycerol, 2 mM TCEP). For CENP-C 189-544 , the GST tag was cleaved using 3C protease and the protein concentrated in a 10 kDa MWCO concentrator. The protein was then further purified by SEC as described for the other two constructs. SEC fractions containing CENP-C
1-544
His, CENP-C 189-544 , or CENP-C 545-943 were concentrated, flash-frozen in liquid nitrogen, and stored at −80 °C. NDC80-GFP complexes were constructed with a C-terminal fusion of GFP to HEC1. The unlabelled NDC80 complex was constructed with an N-terminal fusion of a His6-tag to SPC25. Construct for insect cell expression exploited the MultiBac baculovirus expression system 31 . Bacmid was then produced from EMBacY cells, and subsequently used to transfect Sf9 cells and produce baculovirus. Baculovirus was amplified through three rounds of amplification and used to infect Tnao38 cells. Cells infected with virus expressing untagged NDC80 were cultured for 72 h before harvesting. Cells were washed and resuspended in lysis buffer (25 mM Na-HEPES, 300 mM NaCl, 10% glycerol, 1 mM TCEP, 1 mM MgCl 2 pH 7.5 and 1 mM PMSF). Resuspended cells were lysed by sonication in the presence of Benzonase before clearance at 100,000g at 4 °C for 1 h. Cleared lysate was passed over Ni-Sepharose, before extensive washing with lysis buffer. The Ndc80 complex was then eluted in lysis buffer + 250 mM imidazole. Eluted protein was diluted to 50 mM NaCl using buffer A (25 mM Na-HEPES, 10% glycerol, 1 mM TCEP) and loaded on a ResQ anion-exchange column. The NDC80-GFP was eluted using a salt gradient over 30 column volumes to 500 mM NaCl using buffer B (25 mM Na-HEPES, 1,000 mM NaCl, 10% glycerol, 1 mM TCEP). The eluted protein was concentrated in a 30-kDa Amicon-Ultra-15 Centrifugal Filter (Millipore) and the concentrated protein was then loaded onto a Superdex 200 16/600 column equilibrated in 10 mM Na-HEPES pH 7.5, 150 mM NaCl, 2.5% glycerol, pH 7.5. Peak fractions containing the NDC80 complex were collected and again concentrated in a 30 kDa MWCO concentrator to approximately 10 μM before being flash frozen in liquid N 2 and storage at −80 °C.
Codon-optimized human CENP-I 57-756 (57-C) was subcloned in a MultiBac pFL-derived vector 31 with an N-terminal TEV cleavable His6-tag, under the control of the polh promoter. A complementary DNA (cDNA) segment encoding human CENP-M isoform 1 was subcloned in the second MCS of the same vector, under the control of the p10 promoter. Simultaneously, a second pFL-based vector was created with untagged CENP-H and CENP-K under the control of the polh and p10 promoters, respectively. The CENP-I/M vector was then linearized with BstZ171, and the expression region of the CENP-H/K vector was PCR amplified with primers designed for sequence and ligation independent cloning (SLIC) of the PCR fragment into the linearized CENP-I/M vector. The SLIC reaction was then performed to produce a single pFL-based vector with four expression cassettes. Constructs were sequence verified. Baculovirus was then produced and amplified with three rounds of amplification.
Expression of CENP-HI 57-C KM complex was performed in TnAo38 cells, using a virus:culture ratio of 1:40. Infected cells were incubated for 72 h at 27 °C. Cell pellets were harvested, washed in 1× PBS, and finally resuspended in a buffer containing 50 mM HEPES 7.5, 300 mM NaCl, 1 mM MgCl 2 , 10% glycerol, 5 mM imidazole, 2 mM β-mercaptoethanol, 0.1 mM AEBSF, and 2.5 units per millitre Benzonase (EMD/Millipore). Cells were lysed by sonication, and cleared for 1 h at 100,000g. Cleared cell lysate was then run over a 5 ml Talon superflow column (Clontech) and then washed with 50 mM HEPES 7.5, 1 M NaCl, 10% glycerol, 5 mM imidazole, and 2 mM β-mercaptoethanol. CENP-HI 57-C KM complex was eluted with a gradient of 5-300 mM imidazole, and the fractions containing CENP-HI 57-C KM pooled, and the His tag cleaved overnight at 4 °C. CENP-HI 57-C KM in solution was then adjusted to a salt concentration of 100 mM and a pH of 6.5, before loading on a 6 ml Resource S ion-exchange column (GE Healthcare), equilibrated in 20 mM MES 6.5, 100 mM NaCl, 2 mM β-mercaptoethanol. CENP-HI 57-C KM was then eluted with a gradient of 100-1,000 mM NaCl over 20 column volumes, and peak fractions corresponding to CENP-HI A cDNA segment encoding residues 459-561 (the histone fold, HF) of human CENP-T isoform 1, was subcloned in pGEX-6P-2rbs vector as a C-terminal fusion to GST, with an intervening 3C protease site. A cDNA segment encoding human CENP-W was subcloned in the second cassette of the same vector. Similarly, a synthetic cDNA segment encoding human CENP-X isoform 1, codon-optimized for expression in bacteria, was subcloned in pGEX-6P-2rbs vector as a C-terminal fusion to GST, with an intervening 3C protease site. Also, a cDNA segment encoding human CENP-S isoform 1, was subcloned in the second cassette of the same vector. Constructs were sequence-verified. The expression and purification procedure was the same for CENP-T/CENP-W and CENP-S/CENP-X complexes. Escherichia coli BL21 Rosetta cells harbouring vectors expressing GST-CENP-T/CENP-W or GST-CENP-X/CENP-S were grown in Terrific Broth at 37 °C to an absorbance at 600 nm (A 600 nm ) of 0.6-0.8, then 0.3 mM IPTG was added and the culture was grown at 20 °C overnight. Cell pellets were resuspended in lysis buffer (25 mM Tris/HCl pH 7.5, 300 mM NaCl, 10% glycerol, 1 mM DTT) supplemented with protease inhibitor cocktail (Serva), lysed by sonication, and cleared by centrifugation at 48,000g at 4 °C for 1 h. The cleared lysate was applied to Glutathione Sepharose 4 Fast Flow beads (GE Healthcare) pre-equilibrated in lysis buffer, incubated at 4 °C for 2 h, washed with 70 volumes of lysis buffer and subjected to an overnight cleavage reaction with 3C protease. A heparin column (GE Healthcare) was pre-equilibrated in a mixture of 85% buffer A (20 mM Tris/HCl pH 7.5, 5% glycerol, 1 mM DTT) and 15% buffer B (20 mM Tris/HCl pH 7.5, 2 M NaCl, 5% glycerol, 1 mM DTT). The eluate from glutathione beads was directly loaded onto the heparin column and eluted with a linear gradient of buffer B from 300 to 1,200 mM NaCl in ten bed column volumes. Fractions containing CENP-T(HF)/CENP-W or CENP-S/CENP-X were concentrated in 10-kDa-cut-off Vivaspin concentrators (Sartorius) and loaded onto a Superdex 75 size-exclusion chromatography (SEC) column (GE Healthcare) pre-equilibrated in SEC buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol, 1 mM TCEP). SEC was performed under isocratic conditions at a flow rate of 0.5 ml/min. Fractions containing CENP-T(HF)/CENP-W or CENP-S/CENP-X were concentrated. To form the T(HF)WSX complex, T(HF)W was added to SX at a 1.5 molar excess, incubated for 1 h on ice, and then subjected to separation on a Superdex 200 size-exclusion column to separate tetrameric T(HF)SX complex from T(HF)
Letter reSeArCH W dimers. Fractions containing the tetrameric T(HF)WSX complex were then concentrated in a 10-kDa MWCO concentrator to a concentration of 50-250 μM, and flash-frozen. H3 containing NCPs. Plasmids for the production of X. laevis H2A, H2B, H3 and H4 histones were a gift from D. Rhodes. X. laevis histone expression and purification, refolding of histone octamers or H2A:H2B dimers, and reconstitution of H3 containing mononucleosomes were performed precisely as described 33 . Plasmids for the production of the '601' 145-bp DNA were a gift from C. A. Davey. DNA production was performed as described 33 with no modifications. For Alexa-647-labelled nucleosomes, the 145-bp DNA fragments (601-Widom) were amplified using fluorescently labelled primers (Sigma-Aldrich). Biotinylated nucleosomes were reconstituted using commercial synthetic 145-bp DNA fragments (601-Widom) (Epicypher). CENP-A containing NCPs. Plasmids for the production of human CENP-A:H4 histone tetramer were a gift of A. F. Straight. Preparations of CENP-Acontaining NCPs were performed precisely as described 34 . For Alexa-647-labelled nucleosomes, the 145-bp DNA fragments (601-Widom) were amplified using fluorescently labelled primers (Sigma-Aldrich, St. Louis, Missouri, USA). Biotinylated nucleosomes were reconstituted using commercial synthetic 145-bp DNA fragments (601-Widom) (Epicypher, Durham, North Carolina, USA). H3.1/CENP-A-chimaera with H2B-BFP histone octamer. Polycistroniccoexpression plasmid pETDuet-6HisH3.1/CENP-A-H4-6His-H2A-H2B-BFP was generated on the basis of the strategy described previously 35 with human histone sequences. The coding sequences of the open reading frames of 6His-H3.1(Ala2-Ile75)/CENP-A(Cys75-Gly140), H4, 6His-H2A1B, and H2B1J-TagBFP were sub-cloned between NcoI and XhoI sites of pETDuet-1 using conventional cloning techniques and the Gibson cloning 36 . The H3 and CENP-A segments of the chimaera paste within the α1-helix in a structurally seamless manner. One ribosome-binding site was placed upstream of each open reading frame of these four recombinant histones. A TEV protease site was placed between 6His-tag and H3.1/CENP-A-chimaera and a PreScission protease site was placed between 6His-tag and H2A1B to allow tag-removal during protein purification.
Protein expression and purification of BFP-labelled H3.1/CENP-A-chimaera histone octamer followed a previous study 35 with minor modifications. Purification of the octamer was done according to the previous study 35 with minor modifications. After Ni-affinity purification, the octamers were incubated for 15 h at 4 °C with His-TEV protease and His-PreScission protease in buffer A containing 20 mM Tris-HCl pH 8.0, 1.0 M sodium chloride, 1 mM tris(2-carboxyethyl)-phosphine (TCEP). The tag-removed octamers were concentrated in buffer B (20 mM Tris-HCl pH 8.0, 2.0 M sodium chloride, 1 mM TCEP) and further purified using Superdex 200 10/300 GL gel-filtration column (GE Healthcare) equilibrated with buffer B. Fractions containing the octamers were pooled, concentrated and stored at −80 °C until used for nucleosome reconstitution. Analytical SEC analysis. Analytical SEC was performed on a custom-made Superose 6 5/200 in a buffer containing 20 mM HEPES, 300 mM NaCl, 2.5% glycerol, 2 mM TCEP, pH 7.5 on an ÄKTAmicro system. As indicated, the following additional columns were used: Superdex 200 5/150 Increase and Superose 6 5/150. All samples were eluted under isocratic conditions at 4 °C in SEC buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 2.5% glycerol, 2 mM TCEP) at a flow rate of 0.2 ml/min. Elution of proteins was monitored at 280 nm. Fractions (100 μl) were collected and analysed by SDS-PAGE and Coomassie blue staining. To detect the formation of a complex, proteins were mixed at the indicated concentrations in 50 μl, incubated for at least 2 h on ice and then subjected to SEC. Kinetochore-microtubule binding assay. Coverslips and glass slides were cleaned by sonication in isopropanol and 1 M KOH or 1% Hellmanex and 70% ethanol, respectively. After functionalization of coverslips with 5% biotinylated polyl-lysine-PEG for 30 min, flow cells were created with a volume of 10-15 μl. Flow cells were passivated with 1% pluronic F-127 for 1 h and coated with avidin for 30-45 min. After incubation with 10 nM microtubules (10% biotinylated, 10% rhodamine labelled, Cytoskeleton, polymerized according to the manufacturer's instructions) for 10-20 min, proteins (400 nM) were added in 80 mM Pipes (pH6.8), 125 mM KCl, 1 mM EGTA, 1 mM MgCl 2 and 20 μM Taxol). Flow cells were sealed with wax and imaged with spinning disk confocal microscopy on a 3i Marianas system (Intelligent Imaging Innovations, Göttingen, Germany) equipped with Axio Observer Z1 microscope (Zeiss, Oberkochen, Germany), a CSU-X1 confocal scanner unit (Yokogawa Electric Corporation, Tokyo, Japan), Plan-Apochromat 100×/1.4 numerical aperture DIC oil objective (Zeiss), Orca Flash 4.0 sCMOS Camera (Hamamatsu, Hamamatsu City, Japan) and controlled by Slidebook Software 6.0 (Intelligent Imaging Innovations). Images were acquired as z-sections at 0.27 μm and maximal intensity projections were made with Slidebook Software 6.0 (Intelligent Imaging Innovations). GST pulldown assays. GST pulldown experiments were performed using preblocked GSH Sepharose beads in pulldown buffer (10 mM HEPES pH 7.5, 200 mM
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Tex GTX13939, 1:500) anti-CENP-HK (SI0930; 1:800 or the Alexa488 directly conjugated form of this antibody 1:800). Rodamine Red-conjugated, DyLight405-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA. Alexa Fluor 647-labelled secondary antibodies were from Invitrogen. Coverslips were mounted with Mowiol mounting media (Calbiochem). All experiments were imaged under identical conditions at room temperature using the spinning disk confocal microscopy of a 3i Marianas system (Intelligent Imaging Innovations, Denver, Colorado, USA) equipped with an Axio Observer Z1 microscope (Zeiss, Oberkochen, Germany), a CSU-X1 confocal scanner unit (Yokogawa Electric Corporation, Tokyo, Japan), Plan-Apochromat 63× or 100×/1.4 numerical aperture objectives (Zeiss) and Orca Flash 4.0 sCMOS Camera (Hamamatsu, Hamamatsu City, Japan) and converted into maximal intensity projections TIFF files for illustrative purposes. Quantification of kinetochore signals was performed on unmodified Z-series images using Imaris 7.3.4 software (Bitplane, Zurich, Switzerland). Z-stacks of single cells were processed in Imaris by creating an ellipsoid of 0.3 μm width and 1 μm height, which was positioned on the CREST signal to cover most of the kinetochore signal in all channels. Four background points with equal ellipsoid size and shape were set between kinetochore dots. Intensity values of single kinetochores were exported in a Microsoft Excel file and the average of the background values was subtracted from every kinetochore value. The mean of all kinetochore signals was taken. For each signal, the mean of the corrected values in mock-depleted cells was set to 1. All other values in perturbation experiments were then normalized to this value to derive the fraction of signal for each measured kinetochore protein compared with control cells. Chemical crosslinking and mass spectrometry. Cross-linking analysis of CENP-A NCP :CHIKLMN:KMN complex or CENP-A NCP :CHIKMNL complex was performed with an equimolar mixture of light and heavy-labelled (deuterated) bis[sulfosuccinimidyl] suberate (BS3-d0/d12, Creative Molecules). The complex was incubated with 0.8 mM BS3 for 30 min at 30 °C and the crosslinking reaction was quenched by adding ammonium bicarbonate to a final concentration of 100 mM. Digestion with lysyl enodpeptidase (Wako) was performed at 35 °C, 6 M urea for 2 h (at enzyme-substrate ratio of 1:50 w/w) and was followed by a second digestion with trypsin (Promega) at 35 °C overnight (also at 1:50 ratio w/w). Digestion was stopped by the addition of 1% (v/v) trifluoroacetic acid (TFA). Cross-linked peptides were enriched on a Superdex Peptide PC 3.2/30 column (300 × 3.2 mm) at a flow rate of 25 μl min −1 and water/acetonitrile/TFA, 75:25:0.1 as a mobile phase. Fractions were analysed by liquid chromatography coupled to tandem mass spectrometry using a hybrid LTQ Orbitrap Elite (Thermo Scientific) instrument. Cross-linked peptides were identified using xQuest11. False discovery rates (FDRs) were estimated by using xProphet12 and results were filtered according to the following parameters: FDR = 0.05, min delta score = 0.85, MS1 tolerance window of −4 to 4 ppm, ld-score >22. The crosslinks were visualized using the webserver xVis (http://xvis.genzentrum.lmu.de/) (ref. 37) . EMSA assays. EMSA were performed using either Alexa-647-labelled NCPs, or unlabelled NCPs, at 10 nM. Proteins or protein complexes were added to the nucleosomes at the concentrations indicated and incubated in buffer containing 10 mM HEPES, 150 mM NaCl, 2 mM TCEP, 1% glycerol, 1% Ficoll, 2 mg/ml BSA in 10 μL volume. Samples were then run on 0.75% agarose gel in 0.5× TBE at 4 °C. Gels of unlabelled nucleosomes were stained with SYBRGold (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Gels were imaged using a TyphoonTrio scanner (GE Healthcare, Chicago, Illinois, USA). Quantification was performed using ImageJ, and analysis using Prism (Graphpad, La Jolla, California, USA). CENP-A binding data were fitted with a quadratic binding equation. For CENP-A binding by CHIKMLN, a Hill equation with Hill coefficient of 2.07 was applied, without changes in the apparent K d . AUC. Sedimentation velocity experiments were performed in an Optima XL-A analytical ultracentrifuge (Beckman Coulter, Palo Alto, California, USA) with Epon charcoal-filled double-sector quartz cells and an An-60 Ti rotor (Beckman Coulter, Palo Alto, California, USA). Samples were centrifuged at 203,000g at 10 °C or 20 °C and 500 radial absorbance scans at either 280 nm or at 497 nm (for samples containing CENP-HI 57-C KM complex labelled with Alexa Fluor 488) and collected with a time interval of 1 min. Data were analysed using the SEDFIT software 38 in terms of continuous distribution function of sedimentation coefficients (c(s)). The protein partial specific volume was estimated from the amino-acid sequence using the program SEDNTERP. Data were plotted using the program GUSSI in the SEDFIT software 38 . The GUSSI software is also freely available from http://biophysics.swmed.edu/MBR/software.html.
Analysis of NCPs or NCPs bound to CENP-LN was performed at 20 °C in 20 mM HEPES pH 7.5, 10% glycerol, 150 mM NaCl, 1 mM EDTA and 2 mM TCEP (leading to values of buffer density of 1.03503 g/ml and viscosity of 1.002 cP). All other experiments were performed at 10 °C in 10 mM HEPES pH 7.5, 2.5% glycerol and 0.3 M NaCl (leading to values of buffer density 1.02001 g/ml and viscosity of 1.307 cP). To calculate the value of the partial specific volume (V ‾ , inverse of density) for nucleosomes, we took the value of the 0.55 ml/g for the DNA. This gave a value of V ‾ = 0.6565 ml/g for the nucleosomes at 20 °C (or 0.65423 ml/g at 10 °C). The value of the partial specific volume for the CENP-LN bound to CENP-A NCPs is 0.692 ml/g at 20 °C (assuming 2:1 stoichiometry). The value for the CHIKMLN and CENP-A NCPs is 0.71666 ml/g at 10 °C (assuming 2:1 stoichiometry). The value for the HIKM is 0.7394 ml/g at 10 °C and the value for CHIKMLN is 0.73380 ml/g at 10 °C. Biotinylated NCP pulldown assays. Biotinylated NCPs (0.5 μM) were incubated with prey proteins (1.5 μM or as indicated) for 30 min on ice in a buffer containing 20 mM HEPES, 200 mM NaCl, 0.05% Triton-X100, 2.5% glycerol, 2 mM TCEP in a reaction volume of 40 μl. Ten microlitres of the protein mix were taken as an input. Ten microlitres of pre-equilibrated streptavidin beads (GE Healthcare, Chicago, IL, USA) were then added to the samples and incubated for 2 min. The samples were then spun down, the supernatant removed, and the beads washed once. Laemmli buffer (1×) was then added to the beads, and heated to 95 °C for 1 min to release all the streptavidin from the beads.
